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but Not CurvatureHui-Ting Cheng and Erwin London*
Department of Biochemistry and Cell Biology, Stony Brook University, Stony Brook, New YorkABSTRACT Asymmetry of inner and outer leaflet lipid composition is an important characteristic of eukaryotic plasma
membranes. We previously described a technique in which methyl-b-cyclodextrin-induced lipid exchange is used to prepare
biological membrane-like asymmetric small unilamellar vesicles (SUVs). Here, to mimic plasma membranes more closely,
we used a lipid-exchange-based method to prepare asymmetric large unilamellar vesicles (LUVs), which have less membrane
curvature than SUVs. Asymmetric LUVs in which sphingomyelin (SM) or SM þ 1-palmitoyl-2-oleoyl-phosphatidylcholine was
exchanged into the outer leaflet of vesicles composed of 1,2-dioleoyl-phosphatidylethanolamine (DOPE) and 1-palmitoyl-2-
oleoyl-phosphatidylserine (POPS) were prepared with or without cholesterol. Approximately 80–100% replacement of outer
leaflet DOPE and POPS was achieved. At room temperature, SM exchange into the outer leaflet increased the inner leaflet lipid
order, suggesting significant interleaflet interaction. However, the SM-rich outer leaflet formed an ordered state, melting with
a midpoint at ~37C. This was about the same value observed in pure SM vesicles, and was significantly higher than that
observed in symmetric vesicles with the same SM content, which melted at ~20C. In other words, ordered state formation
by outer-leaflet SM in asymmetric vesicles was not destabilized by an inner leaflet composed of DOPE and POPS. These
properties suggest that the coupling between the physical states of the outer and inner leaflets in these asymmetric LUVs
becomes very weak as the temperature approaches 37C. Overall, the properties of asymmetric LUVs were very similar to those
previously observed in asymmetric SUVs, indicating that they do not arise from the high membrane curvature of asymmetric
SUVs.INTRODUCTIONIn mammalian plasma membranes, the aminophospholipids
phosphatidylethanolamine (PE) and phosphatidylserine
(PS) predominate in the inner leaflet, and phosphatidylcho-
line (PC) and sphingolipids predominate in the outer leaflet
(1). The different lipid compositions in the inner and outer
leaflets of the bilayer may affect various aspects of mem-
brane structure and function, including the formation of
lipid domains. Studies with symmetric model membranes
have demonstrated that cholesterol molecules can tightly
pack with lipids having saturated acyl chains (such as sphin-
golipids) to form detergent-resistant liquid-ordered (Lo)
state domains. In cells, such domains may exist as lipid rafts
that coexist with liquid-disordered (Ld) state domains rich
in unsaturated phospholipids (2). Ordered domain formation
can be detected in symmetric model membranes with lipid
mixtures mimicking the outer leaflet (3), but not in
membranes with lipid mixtures imitating the inner leaflet
(4). Nevertheless, the recovery of PE (5) and inner-leaflet-
associated proteins (6) in detergent-resistant membranes
that may be derived from lipid rafts in cells seems to suggest
the presence of lipid rafts in the inner leaflet of plasma
membranes. To address the question of whether outer-leaflet
ordered domains can form in asymmetric cell membranes
and induce the formation of ordered domains in the innerSubmitted March 10, 2011, and accepted for publication April 25, 2011.
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0006-3495/11/06/2671/8 $2.00leaflet of such membranes, it is necessary to develop model
membranes with asymmetric inner- and outer-leaflet lipid
compositions.
Increasing efforts are being made to prepare asymmetric
model membranes (7–16) and use them to investigate
ordered domain formation. Recent studies revealed that in
asymmetric planar bilayers mimicking the lipid asymmetry
of the plasma membrane, the formation of ordered domains
in one leaflet can induce the occurrence of ordered domains
in the other leaflet (10). By tuning the lipid composition of
one leaflet, Collins and Keller (8) further showed that
domains either induced or suppressed domain formation
across asymmetric unsupported planar bilayers.
Nevertheless, for studies of domain formation and other
membrane properties, it would be desirable to have more
generally applicable methods to form lipid vesicles with
highly controlled lipid asymmetry. In a recent work (7),
we prepared asymmetric small unilamellar vesicles (SUVs)
containing saturated phospholipids in the outer leaflet and
unsaturated phospholipids in the inner leaflet using a
methyl-b-cyclodextrin (MbCD)-induced lipid exchange
method. In a second study (11), we prepared asymmetric
giant unilamellar vesicles (GUVs) and used them to investi-
gate coupling between inner- and outer-leaflet physical
properties via microscopy methods. However, the most
widely applicable model of membrane vesicles may be
that of large unilamellar vesicles (LUVs), which can be
used in a greater variety of spectroscopic and biochemicaldoi: 10.1016/j.bpj.2011.04.048
2672 Cheng and Londonstudies than GUVs and avoid the very high curvature of
SUVs. In this report, a method of preparing asymmetric
LUVs is described. The physical properties of asymmetric
LUVs provide interesting insights into the consequences
of asymmetry mimicking that found in mammalian plasma
membranes.MATERIALS AND METHODS
Materials
Porcine brain SM, 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC),
1,2-dioleoylphosphatidylethanolamine (DOPE), 1-palmitoyl-2-oleoyl-
phosphatidyl-L-serine (POPS), and cholesterol were purchased from Avanti
Polar Lipids (Alabaster, AL). 1,6-Diphenyl-1,3,5-hexatriene (DPH),
MbCD, and alamethicin were purchased from Sigma-Aldrich (St. Louis,
MO). 1-(4-Trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene p-tol-
uenesulfonate (TMADPH) was purchased from the Molecular Probes divi-
sion of Invitrogen (Carlsbad, CA). The lipids were dissolved in chloroform
and stored at –20C. DPH and TMADPH were dissolved in ethanol.
Concentrations were determined as described previously (7). pL4A18
peptide (acetyl-K2LA9LWLA9LK2-amide) was purchased from Anaspec
(San Jose, CA) and purified via reverse-phase high-performance liquid
chromatography (see below). Sephacryl S-200 was purchased from Amer-
sham Biosciences (Piscataway, NJ). High-performance thin layer chroma-
tography (HP-TLC) plates (Silica Gel 60) were purchased from VWR
International (Batavia, IL).Ordinary (symmetric) vesicle preparation
Preparation of the vesicles and subsequent procedures were carried out at
room temperature except when otherwise noted.
To prepare multilamellar vesicles (MLVs), lipid mixtures were mixed
and dried under nitrogen followed by high vacuum for at least 1 h, dispersed
at 70C in phosphate-buffered saline (PBS; 1.8 mM KH2PO4, 10 mM
Na2HPO4, 137 mM NaCl, and 2.7 mM KCl at pH 7.4), and vortexed in
a multitube vortexer (VWR International, West Chester, PA) at 55C for
15 min. In the case of SM MLVs (POPC MLV did not pellet well), to re-
move any small vesicles present before lipid exchange, the preparation
was centrifuged at 11,000  g for 5 min at room temperature. After the
supernatant was discarded, the pellet obtained was resuspended to the orig-
inal volume with PBS and then used for further experiments.
To prepare LUVs, MLVs containing 8 mM lipids were prepared in 1 ml
of a solution containing 25% (w/v) sucrose dissolved in water. The MLVs
were freeze/thawed for five cycles in (dry ice þ acetone)/water and then
passed through 100-nm or 200-nm polycarbonate filters (Avanti Polar
Lipids) 11 times to obtain LUVs of uniform vesicle size. To wash away un-
trapped sucrose, the resulting LUV solutions were mixed with 3 ml PBS and
subjected to ultracentrifugation at 190,000 g for 45 min using a Beckman
L8-55M ultracentrifuge. After the supernatant was discarded, the LUV
pellet was resuspended to the original volume with PBS. LUV suspensions
were diluted to the desired concentration (generally 4 mM) with PBS for
further experiments.Cholesterol-loaded MbCD preparation
Generally, 100 mmol of MbCD were dissolved in 600 ml of methanol and
mixed with 30.8 mmol of cholesterol by vortexing at room temperature.
The mixture was dried by nitrogen followed by high vacuum for at least
1 h and then dispersed in 2 ml of PBS. The resulting solution (which was
turbid due to excess cholesterol) was sonicated in a bath sonicator (special
ultrasonic cleaner, model G1112SP1; Laboratory Supplies, Hicksville, NY)
for 3 min and then incubated in a shaker at 37C overnight. The cholesterol-Biophysical Journal 100(11) 2671–2678loaded MbCD (CLC)-containing solution was then filtered with a 0.22-mm-
pore-size syringe filter, and the filtrate was used in subsequent experiments.Asymmetric LUV preparation
First, 500 ml of the resuspended pellet from a 16 mM SMMLV preparation
(see above) and 95 ml of 390 mM MbCD (1 ml water added to 825 mg
MbCD) were mixed and vortexed in the multitube vortexer at 55C
for 2 h. Then 500 ml of 4 mM 2:1 DOPE/POPS LUVs (with entrapped
25 w/v% sucrose; see above) were added to the MLV-MbCDmixture. After
the mixture was vortexed at 55C for 30 min and then cooled for 10 min,
it was overlaid onto 3 ml of 10 w/v % sucrose solution and subjected to
ultracentrifugation at 190,000  g for 45 min at room temperature. After
the supernatant was removed, the resulting pellet was resuspended with
1 ml of 10% sucrose solution, overlaid onto a 3 ml of 10% sucrose solution,
and again subjected to ultracentrifugation. The final pellet was resuspended
in 1 ml PBS and then used for further experiments.
To prepare asymmetric LUVs with ~20% CHOL (SMo/DOPE/POPSi/
CHOL LUVs), 15 ml of CLC (see above) were added to 1 ml of the resus-
pended SMo/DOPE/POPSi LUVs and incubated for 30 min at 55C. The
mixture cooled to room temperature for 5 min. It was then chromato-
graphed in PBS on a Sephacryl S-200 column (7 cm long, 1 cm in diam-
eter), and 0.5-ml fractions were collected. Fractions 5–8 were combined
and used for further experiments.
To prepare SM/POPC outside and DOPE/POPS inside LUVs (SM/
POPCo/DOPE/POPSi LUVs), we prepared exchange vesicles using mixed
MLVs. First, 250 ml of 16 mM SM MLVs were mixed with 47.5 ml of
390 mM MbCD, and 250 ml of 16 mM POPC MLVs were mixed with
47.5 ml of 390 mM MbCD. Each mixture was vortexed with the use of a
multitube vortexer at 55C for 2 h, and the two MLV-MbCD mixtures
were then combined in one glass tube. Next, 500 ml of 4 mM 2:1 DOPE/
POPS LUVs were added to the tube with the MLV-MbCD mixtures and
vortexed at 55C for 30 min. The exchanged LUVs were then isolated as
described above.Steady-state fluorescence anisotropy
measurements
We measured fluorescence and fluorescence anisotropy on a SPEX Fluoro-
Log 3 spectrofluorometer (Jobin-Yvon, Edison, NJ) with quartz semimicro
cuvettes (excitation path length: 10 mm; emission: 4 mm) according to
previously described protocols (7).Alamethicin experiments
For samples containing alamethicin, 2 ml of alamethicin (from a 250 mM in
ethanol stock solution) were added into ~100 mM lipid LUV suspension to
yield a final alamethicin concentration of ~0.5 mM. After a 15-min incuba-
tion at room temperature, blank fluorescence anisotropy was measured and
then DPH or TMADPH was added and fluorescence anisotropy was
measured as described previously (7).Re-reconstitution experiments
The LUV suspension was divided into four tubes (250 ml/tube), and 750 ml
of PBS were then added to each aliquot. Two aliquots were used to measure
DPH and TMADPH fluorescence anisotropy, and the other two aliquots
were first subjected to re-reconstitution. To that end, the samples were first
dried by a nitrogen stream. Next, 500 ml of ethanol were added to each tube
to dissolve the dried lipids. After the ethanol was dried by a nitrogen stream
and then high vacuum for 1 h, 1 ml of 70C prewarmed distilled water was
added to rehydrate the dried lipids. The samples were mixed by vortexing
for at least 15 min in a 55C shaker, followed by freeze/thawing for five
Asymmetric LUV 2673cycles. They were then allowed to reach room temperature, and DPH or
TMADPH was added and fluorescence anisotropy measured as described
previously (7). In control experiments, ordinary (symmetric) vesicles
were dried and then re-reconstituted in the same manner.HP-TLC
Asymmetric LUV samples were extracted with 2:2:1 (v/v) chloroform/
methanol/(water þ sample solution). After 5 min of low-speed centrifuga-
tion, the upper aqueous phase was discarded and the lower phase (contain-
ing the lipid extract) was dried with nitrogen. The dried lipid film was
redissolved in 20 ml of 1:1 (v/v) chloroform/methanol, and 5 ml were
spotted on an HP-TLC plate. Lipid standards were prepared and extracted
by analogous procedures before loading on HP-TLC. The samples were
then chromatographed on HP-TLC using a dual solvent system as described
previously (7).Peptide-vesicle interaction experiments
We purified pL4A18 peptide via reverse-phase high-performance liquid
chromatography using a C18 column as described previously (17). The
purified peptide was dried under a nitrogen stream, redissolved in 1:1 (v/v)
water/2-propanol, and stored at 4C. To examine the interaction between
pL4A18 peptides and vesicles, we added 1 mol % (relative to lipid) of
pL4A18 peptide to preformed symmetric or asymmetric LUVs and then
measured Trp fluorescence after a 5-min incubation at room temperature.
We obtained Trp fluorescence emission spectra measurements on a SPEX
2 FluoroLog spectrofluorometer with quartz semimicro cuvettes at room
temperature as described previously (7).Dynamic light scattering measurements
We determined the sizes of the LUVs by dynamic light scattering (DLS)
using a ProteinSolution DynaPro instrument (Wyatt Technology, Santa
Barbara, CA) at 20C. To avoid interference from impurities in the buffer,
we prepared 2.5–5 mM of symmetric LUVs using 0.22-mm-filtered PBS and
500- to 1000-fold diluted asymmetric LUVs using 0.22-mm-filtered PBS.
Vesicle sizes were estimated with the use of the Dynamics V5.25.44
program supplied by Wyatt Technology. For samples containing alamethi-
cin, vesicles were incubated with alamethicin for 15 min at room tempera-
ture before DLS measurements were made.RESULTS
Asymmetric LUV preparations
We prepared asymmetric LUVs with SM in the outer leaflet
and 2:1 mol/mol DOPE/POPS in the inner leaflet (desig-
nated as SMo/2:1 DOPE/POPSi LUVs) by MbCD-induced
lipid exchange using sucrose-loaded DOPE/POPS LUV
and SM MLV. Because LUVs cannot be separated from
MLVs by size, we altered the density of DOPE/POPS
LUVs by trapping 25% sucrose inside them, and separated
the exchanged donor and acceptor vesicle populations by
ultracentrifugation to isolate an LUV containing pellet
(see Materials and Methods, and Fig. S1 in the Supporting
Material). As shown in Fig. S1 (lanes 3 and 4), SM MLVs
were too light to form a pellet when the samples were over-
laid onto a solution of 10% sucrose in water and subjected to
ultracentrifugation. This was true in both the presence andabsence of MbCD. DOPE/POPS LUVs, on the other hand,
pelleted after centrifugation (lane 5). When we compared
samples in which DOPE/POPS vesicles and SM vesicles
were mixed with or without MbCD treatment (lanes 1 and
2), we only detected SM in the pellet when MbCD was
present, indicating that the lipid exchange was MbCD-
dependent. LUV size remained the same after exchange
(Fig. S2), indicating that vesicle-vesicle fusion did not occur
during asymmetric vesicle preparation. An HP-TLC anal-
ysis of the final pellet dispersed in 1 ml PBS showed that
this method yielded 291 5 174 mM (n ¼ 8) or 715 5
190 mM (n ¼ 6) lipid using LUVs initially prepared with
100-nm- or 200-nm-pore-size filters, respectively.
Vesicle size and lipid content were then analyzed. DLS
showed an average vesicle size of ~120 nm diameter when
LUVs were prepared with 100-nm-pore-size filters
(Fig. S2). Assuming that a membrane bilayer is ~4 nm thick
(18), the calculated outer-leaflet area of the LUVs was
~53% of total surface area in SMo/DOPE/POPSi LUVs
for this vesicle size. HP-TLC analysis revealed that the
average SM content in asymmetric LUV samples prepared
with 100-nm filters was 56% 5 3% (n ¼ 8) (Fig. S3),
implying that nearly all of the outer-leaflet lipids were
composed of SM. The final vesicle size of LUVs prepared
with 200-nm filters was only ~20% larger than that of
LUVs obtained with 100-nm filters. This result suggests
that the freeze-thawed vesicles were already <200 nm in
diameter when they were subjected to extrusion. Lipid
exchange levels were slightly lower with 200-nm filters
compared with 100-nm filters (Fig. S3). (This may reflect
residual multilamellarity, so there are internal DOPE/
POPS vesicles not subject to exchange, and so the total
percent of lipid exchanged is decreased. This is not
a surprise, as 160 nm vesicles are smaller than the 200 nm
filters used, suggesting the vesicles would not burst/reform
during extrusion, a process that should reduce residual
multilamellarity.)Membrane order in asymmetric LUVs
To confirm that the outer leaflets of asymmetric vesicles
were composed of SM, and to evaluate the difference
between the physical states of the inner and outer leaflets,
we used DPH and TMADPH as steady-state fluorescence
anisotropy probes. DPH is a small, hydrophobic fluores-
cence probe that distributes throughout the bilayer.
TMADPH contains a charged quaternary amino group,
and thus is restricted to the outer leaflet when added to
preformed vesicles. As shown in Table 1, pure SM LUVs,
which exist in the ordered gel phase at room temperature,
gave higher DPH and TMADPH anisotropy values than
symmetric vesicles containing DOPE and POPS, which
are in the Ld state, or symmetric SM/DOPE/POPS vesicles,
in which ordered and Ld states coexist at room temperature
(7). Table 1 also shows that the outer-leaflet TMADPHBiophysical Journal 100(11) 2671–2678
TABLE 1 Fluorescence anisotropy in symmetric and asymmetric LUVs at room temperature
Samples
Anisotropy (A) % ordered
DPH TMADPH DPH TMADPH
SM 0.325 0.01 (n ¼ 5) 0.335 0.03 (n ¼ 5) h 100 h 100
2:1 PE/PS 0.115 0.01 (n ¼ 8) 0.235 0.01 (n ¼ 5) h 0 h 0
SMo/PE/PSi 0.265 0.01 (n ¼ 7) 0.335 0.01 (n ¼ 7) 71 104
3:2:1 SM/PE/PS 0.195 0.01 (n ¼ 5) 0.275 0.02 (n ¼ 5) 38 34
Average anisotropy and SD from five to eight preparations (number shown in parentheses) of LUVs prepared with a 100-nm-pore-size filter are shown. DPH
or TMADPH (0.1 mM) was added to samples containing symmetric LUVs (100 mM) or asymmetric SMo/2:1 DOPE/POPSi LUVs (50–135 mM). The percent
ordered state bilayer (from DPH anisotropy) or ordered state outer leaflet (from TMADPH anisotropy) was estimated from anisotropy (A) by the following
equation: percent ordered ¼ (Asample –A100% Ld)/(A100% ordered – A100% Ld). A100% ordered is that in SM LUVs, and A100% Ld is that in 2:1 DOPE/POPS LUVs
(shown as 2:1 PE/PS in table). SMo/PE/PSi represents SMo/2:1 DOPE/POPSi LUVs, and 3:2:1 SM/PE/PS represents 3:2:1 SM/DOPE/POPS LUVs.
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SM vesicles, indicating that the outer leaflet of SMo/2:1
DOPE/POPSi LUVs was in the ordered state and probably
was composed mainly of SM given that DOPE and POPS
do not form ordered bilayers at room temperature. In con-
trast to TMADPH, in the asymmetric vesicles, DPH (which
locates in both leaflets) exhibited an anisotropy significantly
lower than that of pure SM, indicating that the inner leaflet is
less ordered than the outer leaflet. The difference between
the inner and outer leaflets reflects the presence of an asym-
metrical lipid distribution across the membrane bilayer in
SMo/2:1 DOPE/POPSi LUVs. This anisotropy-detected
difference between the level of order in the inner and outer
leaflets was not observed in symmetric SM/DOPE/POPS
vesicles with an overall lipid composition almost identical
to that of the asymmetric vesicles (Table 1).
In addition, Table 1 shows that DPH anisotropy was
higher in SMo/2:1 DOPE/POPSi LUVs than in the corre-
sponding symmetric vesicles, indicating that the overall
level of order is much higher in asymmetric vesicles than
in symmetric vesicles of the same composition. Assuming
that DPH anisotropy reflects the order in both leaflets, and
that TMADPH reflects only the outer-leaflet order, we can
calculate the percentage of order in the inner leaflet. Cor-
recting for the fact that in LUVs ~53% of total surface
area of the vesicle is in the outer leaflet, 38% of the inner-
leaflet lipid in asymmetric LUVs can be crudely estimated
to be in an ordered state as calculated from the following
equation: overall % order in both leaflets ¼ outer leaflet
% ordered  0.53 þ inner leaflet % ordered  0.47, where
the overall % order in the bilayer was derived from the DPH
anisotropy value, and the outer-leaflet % order was derived
from the TMADPH anisotropy (see Table 1). This level of
order in the inner leaflet implies the existence of a significant
level of interleaflet interaction (see Discussion).Thermal stability of ordered domains
in asymmetric LUVs
To further analyze the properties of ordered domains in
asymmetric LUVs, we determined the thermal stability of
ordered domains. To that end, we defined the temperatureBiophysical Journal 100(11) 2671–2678at which ordered domains melt (Tm) via the change in
DPH anisotropy versus temperature. As shown in Fig. 1, sig-
moidal melting curves are detected in mixtures containing
SM, and Tm can be defined as the midpoint of these curves
(19,20). As shown in Fig. 1 A, at low temperature, anisot-
ropy was highest in pure SM vesicles, as expected, whereas
asymmetric SMo/2:1 DOPE/POPSi LUVs had an interme-
diate DPH anisotropy falling between that of SM LUVs
and 2:1 DOPE/POPS LUVs. As noted above, this indicates
that in the asymmetric vesicles, part of the bilayer (i.e., the
outer leaflet) is in an ordered state and the remainder of
the bilayer (i.e., the inner leaflet) is in a more disordered
state. Nevertheless, the Tm of asymmetric SMo/2:1 DOPE/
POPSi LUVs was as high as that of pure SM LUVs
(Fig. 1, A and B), indicating that the ordered state in the
asymmetric LUVs was as thermally stable as in pure SM.
This means that in the asymmetric vesicles, the presence
of the largely disordered DOPE/POPS inner leaflet did not
decrease the stability of the ordered state formed by SM
in the outer leaflet. This has important implications for inter-
leaflet coupling (see Discussion).Additional methods confirming lipid asymmetry
We previously demonstrated that the change in vesicle prop-
erties that occurs after asymmetric SUVs are dissolved in
solvent, and lipids are re-reconstituted into symmetric
SUVs can be used to confirm lipid asymmetry (7). It has
been reported that the peptide alamethicin can induce trans-
verse movements of lipid molecules in the bilayer (21).
Because this method does not require vesicle destruction,
we used alamethicin to examine the asymmetry of the
SMo/2:1 DOPE/POPSi LUVs (Fig. 2). When alamethicin
was added to the vesicles, TMADPH anisotropy and Tm in
asymmetric vesicles (gray bars) decreased from values
almost identical to those of SM vesicles (black bars) to
values close to those observed in ordinary (symmetric)
3:2:1 SM/DOPE/POPS LUVs (white bars), indicating
a loss of asymmetry. This result rules out the hypothesis
that the difference between the properties found in ordinary
vesicles and asymmetric LUVs is due mainly to a difference
in overall lipid composition rather than to the asymmetrical
FIGURE 2 Effect of destroying asymmetry with alamethicin on the level
and thermal stability of ordered domains in symmetric and asymmetric
LUVs. (A) TMADPH anisotropy at room temperature. (B) Tm of ordered
domains. (C) DPH anisotropy at room temperature. Samples contained
vesicles composed of (black bars) SM, (gray bars) SMo/2:1 DOPE/POPSi,
or (white bars) 3:2:1 SM/DOPE/POPS. () Alam, no alamethicin added to
samples; (þ) Alam, 0.5 mM of alamethicin was added to samples. LUVs
were prepared with 100-nm-pore-size filters. Average results from four to
seven preparations and the SD are shown.
FIGURE 1 Thermal stability of ordered domains in symmetric and
asymmetric LUVs prepared with 100-nm-pore-size filters. (A) Temperature
dependence of DPH anisotropy in symmetric and asymmetric LUVs.
Symbols: (:) SMo/2:1 DOPE/POPSi LUV; (>) SM LUVs; (B) 3:2:1
SM/DOPE/POPS LUVs; (,) 2:1 DOPE/POPS LUVs. A representative
result from nR 4 experiments is shown. (B) Average Tm-values and stan-
dard deviation (SD) derived from nR 4 experiments are shown. Tm-values
were derived from the midpoint of a sigmoidal fit of the data (7).
Asymmetric LUV 2675lipid distribution in the latter vesicles. A significant
difference in lipid composition would have resulted in
a large difference between Tm and anisotropy in ordinary
vesicles and asymmetric vesicles to which alamethicin
was added. (A change in the properties of asymmetric vesi-
cles similar to that observed after alamethicin addition was
also observed when asymmetry was destroyed by solubiliza-
tion in ethanol followed by re-reconstitution to form
symmetric LUVs in aqueous solution; data not shown.)
Vesicle sizes, as measured by DLS, were very similar in
the presence or absence of alamethicin (data not shown),
indicating that alamethicin did not cause vesicle disruption
or fusion. This eliminates the possibility that the physicalproperties of the SMo/2:1 DOPE/POPSi LUV preparation
were the result of it consisting of a mixture of symmetric
SM LUVs and 2:1 DOPE/POPS LUVs that fuse when ala-
methicin is added.
Cationic peptides bind more strongly to vesicles with an
anionic surface than to vesicles with a zwitterionic surface.
Taking advantage of this finding, we further assayed the
extent of lipid asymmetry (Table 2) using a Lys-flanked
peptide of moderate hydrophobicity, pL4A18 (acetyl-
K2LA9LWLA9LK2-amide). Because the pL4A18 peptideBiophysical Journal 100(11) 2671–2678
TABLE 2 Verification of lipid asymmetry of asymmetric SMo/
2:1 DOPE/POPSi LUV by measurement of pL4A18 peptide
binding
Lipid composition lmax
PBS 3585 1
SM LUV 3505 2
3:2:1 SM/DOPE/POPS LUV 3335 1
2:1 DOPE/POPS LUV 3325 1
SM LUVand 2:1 DOPE/POPS LUVmix (1:1 mol/mol ratio) 3335 2
SMo/2:1 DOPE/POPSi LUV 3465 6
lmax of pL4A18 in symmetric and asymmetric vesicles. Average lmax-
values and SD were obtained from three different preparations, except for
the sample containing an SM LUV and 2:1 DOPE/POPS LUV mix, for
which the range from two different preparations is shown. The LUVs
used in this experiment were prepared using 100-nm-pore-size filters.
Peptide was added after the vesicles were prepared.
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ciation with membranes can be monitored by Trp fluores-
cence emission. The wavelength of maximum emission,
lmax, is more blue-shifted (i.e., shifted to a lower wave-
length) in the membrane-bound state than in the nonmem-
brane-bound state. The lmax of the pL4A18 peptide was
much more blue-shifted in the presence of DOPE/POPS
vesicles than in the presence of SM vesicles. This reflects
the stronger binding of cationic peptides to vesicles with
an anionic surface charge, as well as the difference in
binding to ordered and disordered bilayers (17). A strong
blue shift in fluorescence was also observed in symmetric
SM/DOPE/POPS LUVs, and when SM LUVs were mixed
with DOPE/POPS LUVs, reflecting the presence of anionic
lipid (POPS) on the outer surface of vesicles in both of these
cases. However, a strong blue shift was not observed in
asymmetric SMo/2:1DOPE/POPSi LUVs, consistent with
an asymmetry in which the POPS was not exposed on the
exterior of the vesicles (i.e., the outer leaflet was composed
of SM). A comparison of the lmax of the asymmetric vesi-
cles with a standard curve of lmax versus % DOPEþPOPS
(Fig. S6) indicates that the outer leaflet is ~90% SM.Extension of the method to other lipid mixtures
An important question is whether the protocol used to
prepare asymmetric LUVs can be extended to other lipids.
We investigated two additional examples. In the first case,
asymmetric LUVswere preparedwith a 1:1mol/molmixture
of SM/POPC outside in place of SM (Fig. S4). The observed
level of exchange indicated that SM and POPC were intro-
duced into the LUVat a 1:1 ratio and a total level consistent
with replacement of almost all of the outer-leaflet DOPE/
POPS. The Tm-value after exchange was consistent with an
outer leaflet with ordered domains having a lower thermal
stability than in SMo outer-leaflet LUVs, as expected due
to the presence of POPC. Asymmetry was confirmed by
the decrease in thermal stability upon re-reconstitution. In
the second case, asymmetric SMo/DOPE/POPSi vesiclesBiophysical Journal 100(11) 2671–2678containing cholesterol were prepared. This involved the
introduction of ~20 mol % cholesterol in a second exchange
step (Fig. S5). Asymmetry was again confirmed by the
decrease in ordered domain thermal stability upon re-
reconstitution.DISCUSSION
Preparation of asymmetric LUVs
The results of this study show that asymmetric LUVs with
different lipid compositions can be prepared. Several
methods confirmed that the vesicles had an asymmetric lipid
distribution. The amount of SM exchanged into the vesicles
was a little more than 50% as judged by both TLC and the
similarity of the properties of the exchanged vesicles after
asymmetry was destroyed in comparison with ordinary vesi-
cles with 50% SM. Combined with the observation that the
outer leaflet is almost all SM as judged by TMADPH anisot-
ropy, and ~90% SM as judged by peptide binding, this leaves
little, if any, SM exchanged into the vesicles that is unac-
counted by the amount of SM in the outer leaflet, and thus
there cannot be much, if any, SM in the inner leaflet. This is
not surprising, because MbCD should have no access to the
inner leaflet. Furthermore, the lack of an increase in vesicle
size after exchange and the fact that trapped sucrose is
retained after exchange (as shown by the ability to pellet vesi-
cles after exchange) rule out transient leakage or vesicle
opening and fusion, both of which might allow MbCD to
access the vesicle interior during exchange. Nevertheless,
we cannot rule out the possibility that a small amount of
SM somehow reached the interior of the vesicles. In this
regard, it is important to note that we were able to eliminate
the differences in physical properties between exchange vesi-
cles and symmetric vesicles by scrambling the lipids with
alamethicin, or by redissolving the lipids and reforming the
vesicles. Thismeans that these differences reflect asymmetry.
If there were an incomplete degree of asymmetry after
exchange because some SM was in the inner leaflet, and the
outer leaflet was not pure SM, this would mean that in fully
asymmetric vesicles the differences between exchange and
symmetric vesicles would be even larger than we observed.Interleaflet coupling in asymmetric LUVs
Of interest, the asymmetric LUVs were more highly ordered
than symmetric LUVs with the same lipid composition. In
addition, the presence a highly ordered outer leaflet in-
creased the degree of inner-leaflet order, indicating a signif-
icant degree of coupling between the inner- and outer-leaflet
physical states. This observation agrees with the coupling
between ordered domain formation in the inner and outer
leaflets found by other groups using asymmetric planar bila-
yers (8,10,22,23). It also agrees with our previous observa-
tion in asymmetric GUVs that outer- and inner-leaflet lateral
Asymmetric LUV 2677diffusion can be coupled when SM is selectively introduced
into the outer leaflet (11).
How strong is this coupling? Fig. 3 shows schematically
what would be expected for very weak, intermediate, and
very strong interleaflet coupling. Very weak or no coupling
would just give anisotropy values for the outer and inner
leaflets that correspond to those for pure SM (fully ordered)
and pure DOPE/POPS vesicles (fully disordered) at lower
temperatures, respectively. Instead, considerable order is
detected in the inner leaflet. Very strong coupling would
predict that the lipid bilayer acts as a single-unit solid
(gel) at low temperature, is liquid disordered at high temper-
ature, and has a Tm-value intermediate between those of SM
and DOPE/POPS (certainly much lower than that of pure
SM). However, we do not see an intermediate Tm-value;
instead, the Tm in asymmetric vesicles is close to that of
SM. Thus, coupling cannot be very strong or very weak.
Therefore, there must be an intermediate level of coupling
that disappears as the temperature increases to values close
to the Tm of SM. The fact that the inner-leaflet anisotropy is
not as high as that of the outer leaflet also supports the idea
of an intermediate level of coupling. (It should be pointed
out that the lack of interleaflet coupling at 37C cannot be
generalized to interleaflet coupling in vivo, due to the differ-
ence between lipid composition in our vesicles and cell
membranes, and a lack of membrane proteins in our asym-
metric vesicles.)Curvature and asymmetric vesicle properties
The properties of the asymmetric LUVs were very similar to
those we previously observed for asymmetric SUVs (7).
However, in our previous study we were unable to interpret
the implications of the physical properties of asymmetric
SUVs because their properties can be influenced by the
high curvature of the SUVs. The ratio of lipids in the outerFIGURE 3 Schematic illustration of consequences of different interleaf-
let coupling strengths in vesicles containing high Tm lipids in the outer
leaflet and low Tm lipids (with a Tm below the experimental temperature
range) in the inner leaflet. (A) Very weak coupling. The outer leaflet (solid
line) and inner leaflet (dashed line) melt independently and at similar
temperatures to those made of pure high Tm or low Tm lipid, respectively.
(B) Very strong coupling. Outer and inner leaflet melt simultaneously at
an intermediate Tm. (C) Intermediate coupling. At lower temperatures,
coupling that increases inner leaflet lipid Tm is present at lower tempera-
tures, but this coupling is lost as the temperature approaches the Tm of
the outer leaflet , whereas outer leaflet Tm is similar to that in vesicles
composed of pure high Tm lipid.and inner leaflets is ~2:1 in such vesicles. This factor by
itself might increase the influence of outer-leaflet lipids
(i.e., SM) on those in the inner leaflet. In addition, curvature
could affect the nature of the steric contacts between lipids
in the inner and outer leaflets. In the asymmetric LUVs used
here, the outer-/inner-leaflet lipid ratio is much lower,
~1.13:1. Thus, the observation of similar properties with
regard to membrane order and interleaflet coupling in asym-
metric SUVs and asymmetric LUVs implies that the severe
membrane curvature of SUVs does not greatly influence in-
terleaflet coupling.CONCLUSIONS
In conclusion, this study shows that asymmetric membranes
have significantly different properties compared with sym-
metric membranes. The preparation of asymmetric LUVs
with lipid compositions that mimic those of plasma mem-
branes should find numerous applications in studies of
membrane structure and function.SUPPORTING MATERIAL
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